Hydrogenated microcrystalline silicon growth by very high frequency plasma-enhanced chemical vapor deposition is investigated in an industrial-type parallel plate R&D KAI™ reactor to study the influence of pressure and silane depletion on material quality. Single junction solar cells with intrinsic layers prepared at high pressures and in high silane depletion conditions exhibit remarkable improvements, reaching 8.2% efficiency. Further analyses show that better cell performances are linked to a significant reduction of the bulk defect density in intrinsic layers. These results can be partly attributed to lower ion bombardment energies due to higher pressures and silane depletion conditions, improving the microcrystalline material quality. Layer amorphization with increasing power density is observed at low pressure and in low silane depletion conditions. A simple model for the average ion energy shows that ion energy estimates are consistent with the amorphization process observed experimentally. Finally, the material quality of a novel regime for high rate deposition is reviewed on the basis of these findings.
I. INTRODUCTION
Thin-film deposition of hydrogenated microcrystalline silicon ͑c-Si: H͒ has attracted a lot of research efforts during these last years. It is of particular interest in the case of photovoltaic applications because of its higher robustness to light-induced degradation, compared to amorphous silicon ͑a-Si: H͒, while providing an enhanced absorption in the near-infrared part of the solar spectrum. 1 For those reasons, c-Si: H has become a material of choice in the development of highly efficient micromorph tandem solar cells when used with an a-Si: H top-cell or within triple junction devices. 2 Despite the strong potential for industrial applications, the deposition conditions by plasma-enhanced chemical vapor deposition ͑PECVD͒ favoring device grade c-Si: H material quality have yet to be fully understood. In addition, because of its thick active layer requirement ͑typically, between 1.5 and 2.5 m͒, high deposition rates while retaining high material quality are desirable. [3] [4] [5] Presently, these seem to be among the main concerns for lowering industrial manufacturing costs. A wide range of parameters influences the deposition conditions and hence the material quality of c-Si: H. First, hardware parameters: electrode geometry, [6] [7] [8] interelectrode distance, [9] [10] [11] and operating frequency. [12] [13] [14] Second, process parameters, easily adjustable for a given reactor: power density, pressure, substrate temperature, and input gas flows. [15] [16] [17] [18] [19] Substrate morphology has been shown to be important as well. 20, 21 Thus, much of the research effort is directed towards the understanding of how these externally adjustable parameters affect the internal physical plasma characteristics upon which the material quality of c-Si: H ultimately depends.
In this study, very high frequency PECVD ͑VHF-PECVD͒ is used in a R&D industrial-type KAI™-S reactor. c-Si: H thin films are deposited in different conditions of pressure and silane depletion. It is shown that by increasing the pressure and modifying the hydrogen flow, the microcrystalline material quality can be greatly improved. Structural material characterization of deposited c-Si: H layers is presented, and solar cells are prepared to emphasize the impact of the active layer on the solar cell electrical performances. The material quality ͑i.e., defect density͒ in different deposition regimes is evaluated by Fourier-transform photocurrent spectroscopy ͑FTPS͒. A significant correlation of the intrinsic material quality with the solar cell efficiency is observed, and an interpretation in terms of ion bombardment energy is proposed and supported by a simple model. Based on these findings, the material quality of a novel regime for high rate c-Si: H deposition proposed in a recent publication 15 is reviewed.
II. EXPERIMENTAL DETAILS

A. PECVD system
The KAI™-S deposition system used for this study was developed by Oerlikon Solar ͑formerly Unaxis Ltd͒. This is a smaller version of the large area industrial KAI™ systems. 22 It consists of a closed aluminum plasma reactor ͑i.e., Plasmabox͒ contained within a main vacuum chamber. This configuration offers the possibility of a directed pumping from one of the plasma reactor's wall, which allows rapid plasma equilibration time. 23 Also the differential pumping between the two chambers limits possible cross contaminations from the vacuum to the deposition chamber during the process. The lateral dimensions of the Plasmabox are 46ϫ 56 cm 2 allowing substrate sizes up to 35ϫ 45 cm 2 . A showerhead electrode is suspended at 2.5 cm from the grounded electrode. VHF power is supplied via a 40.68 MHz generator, feeding the power through an automatic matching-box directly connected to the center of the cathode. The dc self-bias voltage V dc is measured along with the peak-to-peak voltage V p.p. with a calibrated high impedance capacitive gauge on the cathode. Isothermal heating is obtained in the deposition chamber and the temperature T s is fixed at 180°C for all the depositions in this study.
B. Raman crystallinity measurements
Micro-Raman spectroscopy was used to measure the crystalline volume fraction R c of the c-Si: H layers. 24 The scattering experiments were performed using the emission line of an Ar + laser at 514 nm with a Renishaw system 2000. Penetration depth of microcrystalline material at this wavelength is around 150 nm. The evaluation of the crystalline volume fraction was then obtained through the formula
where I x is the integrated intensity obtained with a Gaussian fit peaked at x cm −1 . Thin films were deposited on Schott AF 45 glass substrates, with a minimum c-Si: H layer thickness of 150 nm.
C. Solar cell preparation and characterization
Standard p-i-n solar cells were prepared to evaluate the different c-Si: H layers. The front contact was a textured zinc oxide ͑ZnO͒ thin film, grown on Schott AF 45 glass substrates, obtained through a modified low pressure chemical vapor deposition ͑LPCVD͒ process developed at IMT. 25 Solar cells were deposited in a single chamber process KAI™-S reactor, with an intrinsic layer of approximately 1.2 m. The i-layers were grown on top of a thin c-Si: H buffer layer above the p-layer. The patterned cells were 0.25 cm 2 each, and the back contact was obtained through a ZnO thin film grown using LPCVD as well, covered with a white dielectric reflector. Open circuit voltage V oc and fill factor ͑FF͒ values were derived from current-voltage ͑I-V͒ curves, obtained using a Wacom AM1.5 solar simulator, and short-circuit current densities J sc from external quantum efficiency ͑EQE͒ measurements.
D. Fourier-transform photocurrent spectroscopy
The material quality of the absorbing c-Si: H layer incorporated in each cell was further investigated through FTPS measurements. 26 The absorption coefficient of lowenergy ͑sub-band-gap͒ photons gives important information on the electronic quality of the material: concentration of dangling bonds, i.e., defect density or recombination centers have a significant impact on the absorption value at 0.8 eV and gives an estimation of the midgap defect density. The measurement being very sensitive to the type of ZnO used ͑variations of light diffusion and level of doping͒ a careful attention was given to make sure every cell was prepared using the same type of back and front contacts. Calibration of the absorption curves was performed at 1.35 eV at the corresponding absorption coefficient of crystalline silicon of 235 cm −1 .
III. RESULTS AND DISCUSSION
A. Study of c-Si: H deposition as a function of pressure
The first parameter to be studied in the deposition of c-Si: H material is the pressure p: Layers are deposited at 1.2, 2.5, and 3.5 mbar. rf input power is kept approximately constant across the three deposition regimes and silane concentration c is below 5% in the three cases. c is defined here in terms of the input flow rates as c = ⌽ SiH 4 / ͑⌽ SiH 4 + ⌽ H 2 ͒, where ⌽ x is the input flow rate of gas x in SCCM ͑SCCM denotes cubic centimeter per minute at STP͒. In each deposition regime c is adjusted in order to have a Raman crystallinity fraction R c within the 50%-60% range for the intrinsic layer.
In order to clearly separate the effect of pressure and silane depletion, these three deposition regimes were kept in similar depletion conditions. It has been argued that the relevant parameter for the growth of c-Si: H is the actual silane concentration in the plasma c p ͑i.e., the ratio of silicon radicals over hydrogen atoms on the growing film surface͒ and not only the input silane concentration. 15 The parameter c p can be estimated with knowledge of the input silane concentration c and silane depletion D,
While c is readily available, silane depletion D, which is a function of the plasma dissociation rate and gas residence time, has to be estimated experimentally. As detailed in Ref. 15 , assuming no loss of silicon atoms through polysilane or powder formation and uniform deposition, one can simply evaluate D by comparing the actual deposition rate R to the maximum possible deposition rate R max ͑corresponding to D =1͒ obtained for a given silane input flow and reactor size through the formula
with R max defined as
where A is the total deposition area in the PECVD reactor in m 2 .
Inserting the values of the three deposition regimes in the formula above, silane depletion fractions around 45Ϯ 10% are obtained. This is an indication that silane depletion is low and approximately the same in the three c-Si: H deposition regimes. We stress that for the three deposition regimes at low silane depletion, the plasma potential measured with the voltage probe is the same within a 10% error margin. So purely the effect of ion energy reduc-064507-2tion due to pressure increase has been investigated.
This model is valid provided plasma conditions are homogeneous and radical gas phase reactions can be neglected. 15 We verified in all deposition conditions the spatial homogeneity of the microcrystalline layers in terms of Raman crystalline fraction and growth rates. A homogeneity better than Ϯ10% was found in all process regimes. The only exception is the high depletion deposition regime at 2.0 mbar ͑discussed in Sec. III B͒, where deviations could be observed at the borders of the deposition surface. For this reason high depletion regimes higher than 2.0 mbar were not included in this study. Polysilane and powder formation cannot be ruled out, especially in conditions of highest pressure and silane depletion. However, because of the good spatial homogeneity, they should be limited. In case of important powder formation, these values would represent lower boundaries for silane depletion. In addition, as can be verified by a simple one-dimensional plasma model, 27 uniform deposition using this gas flow configuration can be achieved provided the pressure drop ⌬p / p across the reactor remains small, which is verified for areas smaller than 0.5 m 2 , even with pumping done along a single side ͑the reactor's size used in this study is 0.26 m 2 ͒. Solar cells were deposited with their intrinsic layer prepared in the three regimes described in the previous paragraph, which are detailed in Table I . The I-V curves from the best cells obtained in those three regimes are shown in Fig.  1 . Major improvements are observed for the cells prepared at higher pressure. V oc , FF, and J sc are all increased significantly, with pressure ranging from 0.34 to 0.52 V, 52% to 72%, and from 18.8 to 22.2 mA cm −2 , respectively. It is worth noting here that only the i-layer deposition conditions were changed in order to minimize the differences in the cells strictly linked to the absorber layer. For this reason an identical intrinsic c-Si: H buffer layer at the p-i interface of about 100 nm was systematically used in all deposition regimes to avoid the influence of the deposition pressure on the underlying p-layer and subsequent p-i interface modification.
Another interesting feature of higher i-layer deposition pressure is the significant improvement of the spectral response in the red and infrared spectral region as shown in Fig. 2 . Considering that the crystalline volume fractions of the intrinsic layers are very similar, the changes could be attributed to modifications in the microstructure. Indeed, a pressure dependence on solar cell performances was already observed in the case of layers deposited at high deposition rate, and the observed differences were attributed to a denser microstructure with larger grains along with a reduction in postdeposition oxidation. [28] [29] [30] However, all the cells prepared in this study were remeasured and did not show any significant postdeposition oxidation, even several months afterward, with the highest loss observed being inferior to 3% of total short-circuit current density. This may also indicate that the intrinsic layers have similar film density.
B. Study of c-Si: H deposition as a function of hydrogen flow rate
Recently it was shown that it is possible to increase silane depletion, and therefore deposition rate of c-Si: H, by increasing the gas residence time. 31 This approach allows to keep rf power density relatively low compared to other deposition processes. 5 However the question whether these process conditions allow for the deposition of device grade 
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c-Si: H material was not addressed. For this purpose, two additional regimes were developed in order to study the effects of silane depletion on c-Si: H deposition and material quality.
The first deposition regime in high silane depletion is developed at 1.2 mbar in order to establish a comparison with the low silane depletion regime in the same pressure conditions previously discussed. The parameters of the deposition regime at low silane depletion are kept constant but input hydrogen flow, and thus total flow, are lowered following. 32 This causes on one side an increase in silane concentration c, but more importantly it increases the gas residence time in the plasma reactor allowing for a larger fraction of silane to be dissociated, hence increasing D. In fact, only minor adjustments are necessary to the rf input power in order to keep the Raman crystallinity fraction unchanged. This can be explained following equation Eq. ͑2͒: The increase in c which usually leads to more amorphous material is offset by an increase in D so that the relevant parameter for c-Si: H growth c p remains unchanged. Reducing the hydrogen flow by a factor of 7 ͑raising silane concentration to 21%͒, and slightly increasing the power density, silane depletion goes up to 80Ϯ 5% which explain the enhanced growth rate observed in these regimes, going from R = 2.9 to R = 6.5 Å s −1 in this case. A second deposition regime in high silane depletion condition was developed at a pressure of 2.0 mbar and silane concentration of 50%, further increasing the deposition rate up to R = 8.9 Å s −1 . Silane depletion fraction is estimated in this second case to 70Ϯ 5%. Tests at higher pressures have been made, however powder formation increases significantly and no stable process could be found.
Solar cells were deposited with intrinsic layers prepared in those two regimes, near the transition region and with Raman crystallinity of about 50%-60%. The I-V curves from the best cells obtained in those two regimes are shown in Fig. 3 . For comparison the cell deposited at 1.2 mbar under low silane depletion conditions is reproduced as well. Improvements are observed for cells prepared in higher silane depletion conditions. V oc , FF, and J sc are all increased significantly, going from 0.34 to 0.48 V, from 52% to 66%, and from 18.8 to 21.1 mA cm −2 , respectively, and this despite the increase in deposition rate which is usually a parameter that decreases material quality and solar cell efficiency. 33 The spectral response of those cells show a similar behavior to the one observed for the cells deposited at different pressures ͑see Fig. 4͒ . The increase in silane depletion mainly affects the infrared part of the spectrum increasing the EQE at longer wavelengths for comparable cell thicknesses .
C. Defect density of the intrinsic layer
In order to understand the origin of the improvement of the solar cells with pressure and depletion, further tests are carried out to analyze the material defect density. This was done through FTPS measurements, and the results can be seen in Fig. 5 . The value of the FTPS absorption coefficient at 0.8 eV correlates consistently with solar cell efficiencies. 33 For instance, the solar cell having the intrinsic layer prepared at 3.5 mbar shows a sub-band-gap absorption coefficient way below the cells having the intrinsic layer deposited at 1.2 and 2.5 mbar. At 0.8 eV a difference of more than one order of magnitude is observed, indicating that the defect density of the material is indeed significantly lowered when deposited at higher pressure. The correlation with the overall electrical cell performances is clear, leading to higher V oc , FF, and J sc for low midgap defect density material. Solar cells were deposited on other textured ZnO as well and the same trend was observed, i.e., the defect density is lowered as the pressure is increased, ensuring that this result is independent of the substrate used. The improvement observed upon increasing silane depletion can be correlated with FTPS measurements as well, showing that the cell deposited at high silane depletion at 1.2 mbar has a lower defect absorption value than the one deposited at low silane depletion.
With regard to the exact location where most of the defects reside, the authors are led to believe that these are located within the crystalline grains themselves rather than at the grain boundaries: This hypothesis is supported by the fact that postdeposition oxidation, which is not observed in any of our cells, has shown to be related to poor grain surface passivation. 5 We interpret the difference of material quality observed with a varying pressure and silane depletion as an indication that ion bombardment energy, among other plasma mechanisms, plays an important role in the deposition process. As the deposition pressure is lowered, the capacitive sheaths become less collisional, allowing more ions to impinge on the substrate's surface with higher energy, which in return is detrimental to the material quality. In the case of increasing silane depletion, achieved by reducing the hydrogen and total gas flow rate, it will be shown that a reduction of ion bombardment is the result of decreasing time-averaged plasma potential ͑cf. Fig. 7͒ , although it is unlikely to explain entirely the material and cell improvement, as will be discussed in Sec. III E.
D. Amorphous to microcrystalline transitions
To support our interpretation in terms of ion bombardment, the influence of power on the amorphous to microcrystalline transition is investigated in three regimes. Starting with the deposition parameters used for the solar cells giving a Raman crystallinity in the "transition zone" ͑i.e., R c around 50%, the power is increased and decreased in order to cover it completely. The results are given in Fig. 6 for three deposition regimes: at 1.2 mbar in high and low silane depletion conditions and at 3.5 mbar in low depletion conditions.
Varying the power density the three regimes exhibit quite different behaviors. At 3.5 mbar the increase in power density of the discharge results in a monotonous increase of the crystallinity, going as expected from a complete amorphous phase at a low power of 0.14 W cm −2 , to a highly crystalline material at high power, i.e., R c =79% at 0.25 W cm −2 . On the other hand, at 1.2 mbar and in low depletion conditions the crystallinity first increases between 0.04 and 0.14 W cm −2 , going from 29% to 41%, and then steadily decreases to a value of 27% at 0.21 W cm −2 . At the same pressure of 1.2 mbar, but in high depletion conditions, the transition curve is again recovered and high values of crystallinity around 80% are reached. The significant differences observed here between these regimes may be due to multiple factors, among which powder formation or ion bombardment energy seem to be the most reasonable in this context. 31 However in the 1.2 mbar regime silane partial pressure is lower and powder formation should be less promoted in this case. For this particular reason, it is suspected that the decrease in crystallinity observed at lower pressure is due to a stronger ion bombardment which can induce amorphization. At 3.5 mbar the capacitive sheaths being more collisional, it is expected that the ions impinging the substrate's surface tend to lose a larger portion of their average kinetic energy.
It should also be mentioned here that because of the reactor's geometry, which is close to symmetric, ion bombardment is intrinsically higher compared to a typical asymmetric laboratory reactor due to the area law. 34 This may partly explain why amorphization can be observed even at moderate power densities, as in our case.
The fact that, in Fig. 6 , the transition measured in the deposition regime at 1.2 mbar in high silane depletion conditions does not show a decrease in crystallinity is an indication that ion bombardment is reduced as well. However, contrary to the measurements performed at different pressure values, the origin of the reduced ion energy as silane depletion is increased is not straightforward. To understand this effect we performed a supplementary set of plasma potential measurements as a function of hydrogen flow rate in order to 
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get an independent confirmation of the fact that an actual voltage drop occurs upon decreasing the hydrogen flow. This can be seen clearly in Fig. 7 , where time-averaged plasma potential ͑determination detailed in Sec. III E͒ and self-bias voltage generated on the cathode decrease with decreasing hydrogen flow. The most likely physical reason is a decrease in plasma potential driven by the higher silane concentration. High silane concentrations as in this case tend to reduce electron density and hence ion energy because the plasma becomes more electronegative due to slow electron attachment processes. 31, 35 
E. Simple model for ion bombardment energy
In order to assess the reproducibility of the processes developed in different pressure and silane depletion conditions, several solar cells ͑minimum of four to maximum of sixteen͒ were deposited in each deposition regime. The average efficiencies obtained in these regimes are given in Fig.  8 . Again, there is a clear trend indicating that deposition of c-Si: H at higher pressure for the intrinsic layers of p-i-n solar cells is beneficial for the overall performances. In the same figure appear average efficiencies of solar cells deposited in the two regimes in high silane depletion conditions. The estimated average ion energy E i impinging the surface is indicated as well. It is calculated in the case of collisional sheaths as
where i is the mean free path, s m is the sheath length, and V is the time-averaged plasma potential. 36 The mean free path has been evaluated as i = ͑n g ͒ −1 , with n g the gas density in the reactor, and the collision cross section which was averaged to 2 ϫ 10 −15 cm 2 based on previous estimations. 37 In regard to the sheath thickness it did not appear to be significantly affected by the change in pressure in the range of our study, and as such, was taken constant at 1 mm in our calculations. Also, in our case V dc is small compared to V p.p. ͑Ͻ3%͒ hence the capacitive sheath approximation 38, 39 predicts the time average potential V as
It can be seen that the ion bombardment energy is scaling in the range between 20 and 5 eV where a previous publication 40, 41 already showed that ion bombardment energy significantly affects crystallinity, thus further supporting our interpretations. The average ion energy has been estimated as well for the deposition regimes in high silane depletion conditions. It appears that in both cases ion energy is reduced as a result of a decrease in electron density, as measured and reported in the previous paragraph. The average value of ion energy computed using Eq. ͑5͒ correlates well with the improvement in efficiency observed. Given the approximations in the calculations we consider that the computed values are correct within a factor of 2. For instance, they are in qualitative agreement with ion values measured in similar conditions. 42 In general, the improvement of the electrical properties of the cells may be due to the presence of a denser microstructure and larger grains as a result of lower ion bombardment energy, as previously observed. 19, 28, 43 Local amorphization of the grains through ion bombardment is likely caused by heavy ions through ion-induced Si bulk displacement mechanism. 41 Also, when working in capacitively coupled VHF SiH 4 / H 2 discharges in this range of pressure, previous studies 42, 44 would tend to suggest that ions, the most likely responsible for this amorphization process, are the monosilicon hydride ion group SiH m + and polysilicon hydride ion groups Si nՆ2 H m + . However, for the process regime at 1.2 mbar in high depletion conditions, the reduction in ion bombardment energy seems small compared to the improvement in cell efficiency. This observation points towards the presence of other plasma mechanisms that could improve microcrystalline material quality. We qualitatively evaluated the electron temperature by comparing two molecular hydrogen emission lines H 2 G 0 B 0 and H 2 Fulcher by optical emission spectroscopy. 31, 45, 46 According to a recent publication, a reduction in electron temperature can improve the material quality of microcrystalline silicon, by changing the ratio between silane radicals. 16 The changes observed in the ratio of the two emission lines when increasing silane depletion at 1.2 mbar indicate a slight decrease in electron temperature. However, the changes being small and sometimes within the error of the measurement, at this point it is not clear whether some of the results could be attributed to a contribution from plasma chemistry.
IV. CONCLUSION
Growth of c-Si: H thin films was studied in industrial type medium area KAI™-S Plasmabox system to evaluate the importance of pressure and silane depletion on the material quality.
Single junction microcrystalline p-i-n cells were prepared with an intrinsic layer deposited between 1.2 and 3.5 mbar near the transition region, in low and high silane depletion regimes. For roughly the same crystallinity, it is observed that solar cells made at higher pressures and silane FIG. 8 . ͑Color online͒ Average solar cell efficiency as a function of deposition pressure and silane depletion for the intrinsic layer ͑black spheres͒. The average ion energy was calculated for each deposition regime ͑red triangles͒ and is correct within a factor of 2. The lines are a guide to the eye for the low silane depletion regimes. depletion conditions exhibit significantly higher performances in the range of our study. FTPS measurements of c-Si: H intrinsic layers embedded within solar cells concur with this observation: With increasing pressure and silane depletion the defect density is significantly lowered, which is an indication that the electronic material quality is improved. Amorphous to microcrystalline transitions as a function of input power density and calculations of the average ion energy impinging on the substrate both support that ion bombardment is responsible for the observed differences.
